Motoneuron death can occur over several spinal levels with disease or trauma, resulting in muscle denervation. We tested whether cotransplantation of embryonic neurons with 1 or more neurotrophic factors into peripheral nerve improved axon regeneration, muscle fiber area, reinnervation, and function to a greater degree than cell transplantation alone. Sciatic nerves of adult Fischer rats were cut to denervate muscles; 1 week later, embryonic ventral spinal cord cells (days 14Y15) were transplanted into the tibial nerve stump as the only source of neurons for muscle reinnervation. Factors that promote motoneuron survival (cardiotrophin 1; fibroblast growth factor 2; glial cell lineYderived neurotrophic factor; insulin-like growth factor 1; leukemia inhibitory factor; and hepatocyte growth factor) were added to the transplant individually or in combinations. Inclusion of a single factor with the cells resulted in comparable myelinated axon counts, muscle fiber areas, and evoked electromyographic activity to cells alone 10 weeks after transplantation. Only cell transplantation with glial cell lineYderived neurotrophic factor, hepatocyte growth factor, and insulin-like growth factor 1 significantly increased motoneuron survival, myelinated axon counts, muscle reinnervation, and evoked electromyographic activity compared with cells alone. Thus, immediate application of a specific combination of factors to dissociated embryonic neurons improves survival of motoneurons and the long-term function of reinnervated muscle.
INTRODUCTION
Motoneuron diseases, including amyotrophic lateral sclerosis, physical trauma to the adult mammalian spinal cord, and avulsion of spinal roots, result in death of motoneurons, sometimes across several spinal segments (1Y6). This death of motoneurons results in denervation of skeletal muscles, elimination of voluntary control of muscle, and rapid atrophy of muscle fibers (7, 8) . Reinnervation is needed to restore muscle excitability, size, and function.
Time is also a major factor. Long-term muscle denervation results in widespread disruption of nerve basal laminae, endoneurial tube collapse, collagenization, and a reduction in Schwann cell number (9Y14). Muscle fibers undergo progressive atrophy, lose their integrity, and can die. Connective tissue replaces the muscle fibers, satellite cells become depleted, and motor endplates become disorganized (7Y8, 15Y17). Studies of peripheral axon regeneration indicate that the prognosis for functional recovery is poor when muscle reinnervation is delayed because only simple neuromuscular junctions are formed; reinnervation is usually incomplete because the number of axons is reduced, and the muscle fibers are also smaller so that force production is lower than normal (13, 16, 18, 19) . Thus, early intervention is critical for effective muscle reinnervation.
Current therapies directed toward prevention of motoneuron death in neurodegenerative diseases or replacement of motoneurons after spinal cord injury are either ineffective or impractical. Neural or stem cell transplantation into the adult central nervous system often enhances survival of neurons, but it is not clear whether the observed recovery is related to novel axonal projections from these cells and reformation of functional connections (20) . After motoneuron replacement within the injured spinal cord, the axons must first grow out of the ventral root and then sufficiently far to reach denervated muscles; it may take a year or more for axons to regrow from the spinal cord to distal skeletal muscles in humans. Thus, several complementary strategies may be necessary to counter death of spinal motoneurons (21) . One experimental approach to rescue denervated muscles from atrophy when reinnervation from spinal motoneurons is impossible has been to transplant embryonic ventral spinal cord cells into a peripheral nerve as a source of neurons for muscle reinnervation (22, 23) . In this model of neuron replacement in adult rats, axons regenerated from the cell transplant into hind limb muscles and became myelinated, and electric stimulation of the transplant resulted in muscle contractions, a sign of functional reinnervation. However, the muscles were weak because there were fewer myelinated axons than normal, and reinnervation was incomplete. Muscle fiber atrophy was also significantly reduced, but it was not prevented (23) . The reduction in the numbers of myelinated axons that supplied these reinnervated muscles reflects poor survival of motoneurons in the transplant. We found an average of 5,397 T 1,075 NeuN-positive neurons 10 weeks after transplantation of 1 Â 10 6 dissociated ventral spinal cord cells into peripheral nerve (24) . Thus, relatively small proportion numbers of the transplanted neurons survive, and not all of these neurons are motoneurons.
Motoneuron numbers peak at embryonic days 14 to 15 (E14YE15) in rats; therefore, we transplanted ventral spinal cord cells of this developmental age into peripheral nerves. Motoneurons have already innervated skeletal muscles at this stage (25) and therefore are trophin-dependent. Thus, when the ventral spinal cord is dissociated for transplantation, the motoneurons are axotomized and their trophic support from muscle is removed, which may result in poor motoneuron survival (26) . Transection of peripheral nerve induces the expression of several factors that support neuronal survival, including brain-derived neurotrophic factor, fibroblast growth factors (FGFs), ciliary neurotrophic factor, and glial cell lineYderived neurotrophic factor (GDNF) (27Y30). It is unclear, however, whether the synthesis of these factors is optimal for survival of embryonic neurons after they have been transplanted into the distal tibial nerve stump in this experimental paradigm.
The aim of this study was to evaluate whether transplantation of embryonic neurons in conjunction with exogenous neurotrophic factors, either alone or in combination, improves axon regeneration from the cells, muscle reinnervation, and function. An acute dose of neurotrophic factor(s) was provided because most of the death of embryonic neurons or neural progenitors occurs within 24 to 48 hours of transplantation (31) . The factors were provided at low doses because motoneurons express high-affinity neurotrophic receptors during development, and very small levels of factors saturate these receptors (26) . We examined axon regeneration and muscle reinnervation when cardiotrophin 1 (CT-1), FGF-2, GDNF, insulin growth factor 1 (IGF-1), leukemia inhibitory factor (LIF), and/or hepatocyte growth factor (HGF) were added to the cell transplant because these factors have been shown to support the survival of rat embryonic neurons either individually or in combinations (27, 32Y34) .
MATERIALS AND METHODS
The overall experimental strategy involves 1) denervation of many hind limb muscles by sciatic nerve section, 2) transplantation of embryonic ventral spinal cord cells (the only source of neurons available for muscle reinnervation) into the distal tibial nerve stump 1 week later, and 3) physiologic and morphologic assessment of reinnervation 10 weeks after cell transplantation (23) .
Preparation of Cells for Transplantation
All experimental protocols followed the National Institutes of Health guidelines for animal care and use and were approved by the University of Miami Animal Care and Use Committee. Pregnant dams were anesthetized with sodium pentobarbital (40 mg/kg body weight, Abbott Laboratories, Abbott Park, IL) before removal of E14YE15 embryos. Each embryo was dissected in sterile conditions in Hanks balanced salt solution (HBSS) without calcium chloride and magnesium sulfate. The spinal cord was freed from the meninges and the ventral cord separated from the dorsal cord. The ventral cord was exposed to 0.01% trypsin (Worthington Biochemical Corporation, Freehold, NJ) and 0.05% DNase in HBSS without calcium chloride and magnesium sulfate. After 45 minutes, the reaction was stopped by adding fetal calf serum to 10%. The preparation was washed in HBSS. The tissue pieces were rinsed in HBSS and 0.05% DNase before dissociation. The digested cords were triturated with heat-polished pipettes and the preparation sifted through a 70-Km nylon cell strainer (Falcon 2350). The cells were washed in Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with rat serum, which contains factors that can assist motoneuron survival (26), B-27 antioxidant and vitamin mixture (Invitrogen), glutaMax 1, insulin-transferrin-selenium supplement (N-2; Invitrogen), glucose, penicillin-streptomycin, and bovine serum albumin. Cell viability was determined by trypan blue exclusion. Cell numbers were calculated with a hemocytometer. The cells were suspended in Neurobasal medium at a concentration of 1 Â 10 6 cells per 10 Kl of medium.
Surgical Procedures
All procedures were performed on adult female Fischer 344 rats (initial age, 3 months; 148 T 1 g; Harlan Sprague Dawley, Indianapolis, IN) anesthetized with an interperitoneal injection of sodium pentobarbital (40 mg/kg of body weight). Each animal that received a transplant of cells or medium underwent 3 surgeries. First, the sciatic nerve in the left leg was transected at midthigh level. Nerve section denervated many hind limb muscles, thereby mimicking the consequences of death of all of the motoneurons in several motor pools. The proximal nerve stump was sutured into hip muscles to prevent muscle reinnervation from peripheral nervous system axons (23) . The second surgery occurred 1 week later. Dissociated ventral spinal cord cells (1 Â 10 6 cells with or without a neurotrophic factor(s), see Treatment Groups section below) were injected into the distal stump of the left tibial nerve using a Hamilton syringe 10 to 15 mm proximal to its entry into the medial gastrocnemius muscle. This cell transplant provided the only source of neurons for muscle reinnervation. Animals in the surgical control group (n = 5) had only medium injected into the tibial nerve (i.e. no cells or factors) so that ankle extensor muscles remained denervated. The third surgery was performed 10 weeks after cell transplantation and involved tissue dissection to enable stimulation of the transplant and recording of evoked electromyographic activity (EMG) from the medial gastrocnemius muscle; EMG was also recorded from the medial gastrocnemius muscles of uninjured animals (naive controls); nerve and muscle samples were also removed from these animals (n = 8).
Treatment Groups
Neurotrophic factors that are known to enhance survival of rat embryonic motoneurons and axonal outgrowth were each added to the medium individually at the time of cell transplantation (approximately 90 minutes after cell dissociation). The 1-ng/mL dose was within the range shown to promote survival of rat embryonic motoneurons in vitro (27, 33, 34) . The factors, their sources, and the number of animals per group were as follows: CT-1 (mouse; R&D Systems, Minneapolis, MN; n = 9 animals), FGF-2 (rat; Millipore, Billerica, MA; n = 12 animals), GDNF (rat; R&D Systems; n = 14 animals), IGF-1 (mouse; Sigma, St. Louis, MO; n = 9 animals), LIF (mouse; Millipore; n = 15 animals), and HGF (human; R&D Systems; n = 8 animals). Each cell preparation was split into 2 preparations, and a different factor was added to each batch of cells. Thus, the data for each factor came from 3 to 5 different cell preparations. The control group for these experiments was a group of rats that received cells and medium but no factors (n = 11).
Since combinations of factors may improve neuron survival and axon growth more than a single factor alone (32), another 4 experimental groups were evaluated. In these groups, combinations of factors were included with the cells at transplantation. The factor combinations were chosen before knowledge of the results from the addition of a single factor to the cell transplant. The combinations were as follows: GDNF and HGF (n = 7 animals); GDNF, HGF, and IGF-1 (n = 7 animals); GDNF, HGF, and FGF-2 (n = 6 animals); and LIF, IGF-1, and FGF-2 (n = 6 animals). Although many factor combinations are possible, our emphasis was primarily on GDNF and HGF. Thus, these data represent an initial analysis of whether or not combinations of factors have additive or synergistic effects on axon regeneration and muscle reinnervation in this transplantation model.
Physiologic Recordings and Analysis
Electrophysiologic experiments were conducted 10 weeks after transplantation (23, 35) . We verified that the proximal sciatic nerve stump remained sutured to the hip muscle in the left leg, thereby ensuring that muscle reinnervation could only have occurred from transplanted cells. The distal tibial nerve stump containing the transplant was freed from surrounding tissue and laid over a pair of silver electrodes for electrical stimulation. The medial and lateral gastrocnemius muscles were exposed for visual verification of contraction in response to stimulation of the transplant, an indication of muscle reinnervation. The left knee and ankle were clamped. A pair of silver electrodes was positioned on the surface of the medial gastrocnemius muscle to record the EMG evoked in response to stimulation of the transplant with single 50-Ks-duration pulses at 1 to 30 V in either 0.1-or 1-V steps. The EMG signals were filtered from 30 to 1,000 Hz and sampled online at 3,200 Hz using an SC/ Zoom system (Umeå University, Umeå, Sweden). Off-line, the peak-to-peak amplitude of the maximal evoked EMG was measured for each medial gastrocnemius muscle using Zoom software, a measure of functional reinnervation.
Axon Regeneration
After the physiologic recordings, the animals were killed, and nerve and muscle were removed. The tibial nerve distal to the transplant was first fixed in 4% paraformaldehyde in phosphate buffer and then in 4% glutaraldehyde in phosphate buffer. The nerves were embedded in Epon araldite, and 1-Km sections were stained with toluidine blue. The diameter and total number of myelinated axons within the nerves were measured using ImagePro Plus software (MediaCybernetics, Silver Springs, MD).
Detection of Neuromuscular Junctions
After the death of each animal, the medial gastrocnemius and lateral gastrocnemius muscles were placed onto Tissue-Tek cooling media and cork and then frozen in dryice-cooled isopentane. At the completion of the electrophysiology, the left medial and lateral gastrocnemius muscles were harvested, weighed and frozen in isopentane at j120-C and stored at j80-C. Longitudinal sections (55Y60 Km) of the muscle were cut onto gelatin-coated microscope slides. After drying, the sections were exposed to Zamboni fixative with 5% sucrose at 4-C, rinsed several times in 1.5-T buffer, treated with 0.1 mol/L of glycine in 1.5 T for 30 minutes, and dipped in 100% methanol at j20-C. The sections were incubated in 1.5 T containing 1% Carnation dry skim milk, 20 mmol/L of lysine, 0.05% Tween-20, and 0.05% thimerosal to inhibit nonspecific protein binding. Sections were incubated overnight with primary antibodies at 4-C. The monoclonal SMI-31 was used to detect neurofilaments; thinner axons were detected with SMI-81 (Covance Research Products, Berkeley, CA). Sections were rinsed in 1.5 T of buffer incubated at room temperature for 2 hours both with a secondary antibody (donkey anti-mouse antibody conjugated to Alexa 488) and with bungarotoxin conjugated with Alexa 596 (Invitrogen) to visualize motor endplates; they were then rinsed in 1.5 T buffer with 0.05% Tween-20 and cover-slipped. Images were acquired with an Olympus BX60 microscope.
Muscle Fiber Area
The plantaris muscles for all groups were also frozen in dry-ice-cooled isopentane. Cross sections at the midbelly (10 Km) were stained with hematoxylin and eosin to visualize general morphology. A grid was placed over the image of each muscle section. The areas of 300 fibers were measured from at least 100 different grid locations using MetaMorph software (Universal Imaging Corporation, West Chester, PA). Because reinnervation is typically incomplete, these fiber measurements will include both reinnervated and denervated muscle fibers. To estimate the area and number of reinnervated fibers in each experimental muscle, mean fiber area was recalculated for the subset of fibers that were larger than the area of 95% of the fibers in denervated muscles. We have verified that this approach separates reinnervated and denervated fibers by comparing the areas of glycogendepleted versus glycogen-retaining fibers (36) . The numbers of fibers that were large relative to the 300 that were measured provided an estimate of the extent of muscle reinnervation for each muscle.
Neuron Survival
Neuron survival was examined in 2 transplant groups (i.e. cells without factors [n = 5] and cells with GDNF, HGF, and IGF-1 [n = 7]) because this factor combination was the only group that resulted in significant increases in the axon count, muscle reinnervation, muscle fiber area, and evoked EMG. The monoclonal SMI-32 was used to detect a nonphosphorylated epitope on the heavy and medium chain neurofilament proteins expressed in neuronal soma (including motoneurons) and dendrites at later stages of maturation (37, 38) . Cholinergic neurons were detected with a goat polyclonal antibody that recognizes choline acetyl transferase (CHAT; Millipore). General morphology was assessed with a rabbit antibody that detects neuron-specific class III A-tubulin protein (Covance Research Products) and a monoclonal (SMI-81) that detects synaptosomal associated protein 25 kDa, a protein involved in neurotransmitter release (Covance Research Products) (39). The nerve containing the cell transplant was placed into 4% paraformaldehyde in 0.1 mol/L of phosphate buffer (pH 7.4) then transferred into 25% sucrose in 0.1 mol/L of phosphate buffer. Cross sections (25 Km) of the entire transplant were collected on chrom-alum-gelatin-coated slides for immunohistochemical analysis. The sections were quenched for autofluorescence with NaBa 4 in sodium borohydride in 1.5% NaCl in 0.05 mol/L of Tris-HCL, pH 7.6 (1.5 T) buffer, for 30 minutes, preincubated in serum in in 1.5 T with 3% Carnation skim dry milk, 20 mmol/L of lysine, and 0.05% Tween-20overnight, then incubated with the primary antibody for 24 to 48 hours at 4-C. The primary antibodies were detected by secondary antibodies coupled to donkey anti-mouse Alexa 568-conjugated (1:300, Invitrogen), donkey anti-rabbit Alexa 488-conjugated (1:300) or donkey anti-goat Alexa 488-conjugated IgG (1:300). To ensure similar treatment of tissue, the sections from all of the groups were processed together. After several washes in 1.5 T buffer, the sections were covered with antifade mounting medium, cover-slipped, and kept at 4-C overnight to ensure complete antifade treatment. Sections were examined by conventional epifluorescence microscopy using an Olympus BX60 with UplanFl objectives and imaged with a Sensicam QE camera and Image Pro Plus software. The physical dissector method of stereology was used to sample neurons (24, 40) . Choline acetyl transferaseYCHAT and SMI32Yimmunoreactive neurons were counted in every 4 to 8 sections of the entire transplant.
Statistics
Data are expressed as mean T SE. The axon count, muscle fiber area, and EMG data for the cell transplant group (no factors) were compared with the data from groups that received cells and a single neurotrophic factor and to the groups that received cells and combinations of factors using analysis of variance. Post hoc tests were performed when differences were significant (p G 0.05). Analysis of variance was also used to compare the neuron counts and the observed versus expected data to evaluate whether combinations of neurotrophic factors had additive effects on the axon count, muscle fiber area, reinnervation, and EMG. Chi-square tests were used to compare the percentage of medial gastrocnemius and lateral gastrocnemius muscles that contracted visibly in response to electric stimulation of the transplant and the percentages of muscle fibers that were reinnervated.
RESULTS

Axon Regeneration
Myelinated axons were present in the tibial nerves of all animals that received transplants of cells with or without factors, but the axons were smaller in diameter and fewer in number than in uninjured nerves (Fig. 1AYC) . No myelinated axons were present when only medium (no cells or factors) were transplanted (Fig. 1D) .
Similar numbers of axons regenerated from transplants of cells alone (122% T 35% or 10% T 3% of the number of myelinated axons in the tibial nerve estimated to innervate skeletal muscles [41] ) and cells and a single neurotrophic factor, as assessed from myelinated axon counts (Fig. 2) . Only the addition of GDNF, HGF, and IGF-1 to the cells at the time of transplantation significantly increased the numbers of axons that regenerated from the transplants (p = 0.002; 876 T 192 or % T 16% of uninjured values; Fig. 2 ).
Neuromuscular Junctions
Axons were always detectable by neurofilament staining in muscles of animals that received cell transplants. The axons grew across a relatively narrow region of endplates (Fig. 3A) , but the extent of neuromuscular reinnervation varied. Figure 3B shows 3 endplates in a reinnervated lateral gastrocnemius muscle at high magnification. In other areas of the muscle, there were endplates that were unoccupied by axons, indicating incomplete muscle reinnervation.
Muscle Fiber Size
Muscles from animals that received cell transplants contained groups of large fibers and smaller fibers (Fig. 1E, F) . These fibers resemble those seen in innervated and denervated muscles (Fig. 1G, H) and represent reinnervated and denervated fibers, respectively (36) . Thus, muscle reinnervation from the transplanted cells was incomplete. Despite this, reinnervation reduced the atrophy of muscle fibers significantly 10 weeks after cell transplantation (Fig. 4A ; p G 0.001). The mean area of reinnervated muscle fibers was similar irrespective of whether the cells were transplanted alone, with a single factor (range from 1,048 T 85 to 1,214 T 195 Km 2 or from 42% T 2% to 49% T 8% of uninjured values) or with a combination of factors (range from 983 T 51 to 1,211 T 108 Km 2 or from 39% T 2% to 48% T 4% of uninjured values). Denervated muscle fibers were only 264 T 34 Km 2 (11% T 1% uninjured values). The proportions of muscle that were reinnervated differed across treatments (Fig. 4B) . Cell transplants that contained GDNF alone or LIF alone had a higher proportion of reinnervated fibers (49% and 45%, respectively; p = 0.009 and p = 0.04) than cell transplants that had no factors added (30%). Similarly, a higher proportion of fibers was reinnervated from cell transplants that included GDNF, HGF, and IGF-1 (58%; p G 0.001) or LIF, IGF-1, and FGF2 (45%; p = 0.04) compared with cells alone.
Functional Reinnervation
At 10 weeks posttransplantation, electric stimulation of the cells in the tibial nerve resulted in visible contractions of 68% of the medial gastrocnemius and lateral gastrocnemius muscles of animals that received cells alone, an indication of functional reinnervation (Fig. 5A) . The addition of a single factor (FGF-2, GDNF, IGF-1, LIF, or HGF) to the transplanted cells resulted in similar percentages of muscles that contracted with stimulation of the transplant; for CT-1, only 33% of muscles responded (p G 0.001). When combinations of factors were added to the cells at the time of transplantation, all medial gastrocnemius and lateral gastrocnemius muscles contracted; this was significantly different from results obtained from the group that received cells without factors (p G 0.001). No contractions were evoked in denervated muscles (no cells or factors transplanted).
Electromyography was evoked from medial gastrocnemius muscles reinnervated from transplants of cells with or without factors (Fig. 1I, J) , but the signals were smaller than the EMG recorded from muscles of uninjured animals (Fig. 1K) . No EMG was evoked from muscles of animals that received transplants of medium but no cells, even when the transplant was stimulated with 1-ms-duration pulses and 150 V, confirming that these muscles were denervated (Fig. 1L) .
The mean peak-to-peak amplitude of the evoked EMG was similar for transplants of cells alone (0.82 T 0.33 mV or 12% T 5% uninjured values) and cells and a single factor (Fig. 5B) , but was significantly larger when GDNF, HGF, and IGF-1 were added to the cell transplants (2.57 T 0.64 mV or 37% T 9% uninjured values; p = 0.004). Muscle fiber size and reinnervation. Mean areas (TSE) of plantaris muscle fibers reinnervated from cells transplanted with or without one factor or a combination of factors compared to the area of denervated muscle fibers (A). The mean area for each group of reinnervated fibers was significantly larger than the area of denervated muscle fibers. The mean area of fibers in muscles from uninjured animals was 2,498 T 101 Km 2 . (B) Mean percentages (TSE) of muscle fibers reinnervated from cell transplants containing no factor, a single factor or a combination of factors (n = 4 per group). Factors are shown with one letter codes (C, cardiotrophin-1; F, fibroblast growth factor-2; G, glial cell-line derived neurotrophic factor; I, insulin-like growth factor-1; L, leukemia inhibitory factor; H, hepatocyte growth factor). No EMG was evoked in denervated muscles (only medium was transplanted). Factors are shown with one letter codes (C, cardiotrophin-1; F, fibroblast growth factor-2; G, glial cell-line derived neurotrophic factor; I, insulin-like growth factor-1; L, leukemia inhibitory factor; H, hepatocyte growth factor).
Neuron Survival
The group of cell transplants with GDNF, HGF and IGF-1 was the only group in which there was regeneration of more axons, reinnervation of more muscle fibers, and higher evoked EMG than cell transplantation alone. Thus, we only compared neuron survival in these 2 transplant groups. Significantly more CHAT-positive neurons (p G 0.001) and SMI-32Ypositive neurons (p = 0.002) survived when GDNF, HGF, and IGF-1 were included with the transplanted cells compared with transplantation of cells alone (Fig. 3C) .
The CHAT-positive neurons varied in size (Fig. 3D ). Large multipolar neurons that expressed heavyweight subunits of neurofilament protein were localized in the nerve using the monoclonal SMI-32, some with mean diameters of 42 Km (Fig. 3E) . Furthermore, SNAP 25, a characteristic component of synapses that is involved in the regulation of neurotransmitter release (42) , was detected only in areas where neurons were present (Fig. 3F) . All of these results suggest survival of both cholinergic and noncholinergic neurons, possibly interneurons, which may influence activitydependent survival and maturation of motoneurons (25) .
Observed Versus Expected Results If Groups of Neurotrophic Factors Have Additive Effects
Adding groups of neurotrophic factors to the cell transplant may have additive effects on outcomes because the factors bind to different receptors. To examine this possibility, all of the data obtained with transplantation of cells and a single factor were normalized to the values obtained with cell transplantation alone to determine the percentage change in values with factor supplementation. The individual factor effects were then added together for each factor combination to provide the expected results for transplants of cells and several factors.
The observed versus expected comparisons suggest that specific combinations of neurotrophic factors can influence motoneuron survival and subsequent muscle reinnervation and function 10 weeks after cell transplantation. The axon count obtained with the cells and the factor combination of GDNF, HGF, and IGF-1 exceeded the levels expected from the linear addition of the results from each individual factor (Fig. 6A ; p G 0.001). For this same group, however, there was no difference between the number of measured CHATpositive neurons and the expected axon count. The axon count with GDNF, HGF, and FGF2 was lower than expected from the single factor results (p = 0.019).
The area of the reinnervated fibers and the magnitude of muscle reinnervation obtained for each factor combination were as expected from adding single factor effects linearly. In contrast, the animals that received GDNF, HGF, and IGF-1 with the cell transplant were the only group in which muscle areas exceeded the cell-alone results and the only group in which measured and expected reinnervation matched closely (Fig. 4) . In this same group, the measured EMG was higher than expected (p = 0.016; Fig. 6B ). The EMG was lower than expected for each of the other factor combinations (p G 0.01).
DISCUSSION
The addition of a particular combination of neurotrophic factors (GDNF, HGF, and IGF-1) to embryonic ventral spinal cord cells when they were transplanted into peripheral nerve increased the survival of motoneurons, axon regeneration, muscle reinnervation, and muscle function. Both the number of axons that grew from the transplant and the evoked EMG exceeded the values expected from the additive effects of each factor alone. Single factors (CT-1, FGF-2, GDNF, IGF-1, LIF, or HGF) resulted in similar axon regeneration, reductions in muscle atrophy, and changes in EMG to that seen with cell transplantation without factors. Only the addition of GDNF or LIF increased the proportion of reinnervated muscle fibers, whereas inclusion of CT-1 reduced the number of medial and lateral gastrocnemius muscles that contracted. Overall, these data support the hypothesis that suboptimal levels of neurotrophic factors limit motoneuron survival, reinnervation, and the recovery of muscle function when embryonic neurons are transplanted in peripheral nerve to rescue muscles from atrophy after denervation.
Does Inclusion of Neurotrophic Factors in the Transplant Only Change Motoneuron Survival?
In this experimental paradigm, the transplant was the only source of neurons for muscle reinnervation. Thus, survival of the transplant is crucial. Death of motoneurons may occur from the cell isolation process (which includes axotomy), programmed cell death, environmental factors, or a combination of these possibilities. Because apoptotic pathways are partially inhibited by neurotrophic factors, treatment of embryonic neurons with a mixture of GDNF, HGF, and IGF-1 may have increased survival of neurons generally, including motoneurons, by reducing the level of apoptotic death that can occur after cell dissociation (43Y45). Increases in the numbers of motoneurons that survived may also have arisen because neurotrophic factors inhibited programmed cell death (46) . Another possibility is that fewer motoneurons died when GDNF, HGF, and IGF-1 were added to the cells because exogenous neurotrophic factors present in injured nerve can partially block Fas ligand activation (45) . Embryonic motoneurons die in the presence of tumor necrosis factor (47) and precursor form of nerve growth factor (48), both of which are produced by cells that invade injured nerves (49) . Moreover, most death of embryonic motoneurons or neural progenitors occurs early after transplantation (31) . Thus, the early addition of the factors to the transplant medium likely improved motoneuron survival, whereas inclusion of a single factor with the transplanted cells failed to change the number of axons that regenerated.
Although each of the factors used in this study has been shown to support the survival of rat embryonic neurons or avulsed neurons (27, 32Y34), positive effects only occur if the appropriate receptors are expressed on motoneurons at the time of transplantation. Both the spatial and temporal patterns of receptor expression in subpopulations of neurons change during development (50) . Diverse cells in the injured host nerve also secrete inflammatory cytokines that may overwhelm cell survival mechanisms and abrogate the effects of individual neurotrophic factors in neuron survival. Furthermore, the host nerve and muscle environment may be suboptimal in that some of the factors synthesized in development are absent or their levels are repressed after denervation (51Y54). This concept is consistent with the finding that Schwann cellYconditioned medium minimally supports motoneuron survival. Similarly, most motoneurons die within 1 to 3 days of culture in medium that contains extracts from muscle (27, 43) . Thus, it is likely that the transplanted neurons initially have to rely primarily on autocrine factors for survival.
An important result of the present study was the longterm effects of providing neurotrophic factors with the transplanted cells. The proportions of reinnervated muscle were increased by adding GDNF alone, LIF alone, or 2 combinations of factors to the cell transplant (Fig. 4B) , possibly due to augmentation of motoneuron survival, axon branching, or both. In contrast, the reductions in muscle atrophy that occurred with reinnervation did not depend on the inclusion of trophic factors with the transplanted cells (Fig. 4A) . The larger muscle fiber areas with reinnervation may result from neural-dependent activity (35, 55) and/or trophic interactions between nerve and muscle (56) . When the transplant included GDNF, HGF, and IGF-1, the mean peak-to-peak EMG amplitude was higher compared with that recorded from muscles reinnervated from only cells (Fig. 1) presumably because the stimuli excited more reinnervated muscle fibers with larger areas. When compared with the data from uninjured animals, however, the reinnervated muscle fiber areas were smaller probably due to changes in muscle use and the reinnervation of primarily type I and IIA muscle fibers (35) . Muscle reinnervation was also incomplete (Fig. 4) , consistent with smaller EMG signals recorded from reinnervated muscles versus muscles of naive animals.
Do Groups of Neurotrophic Factors Have Additive Effects?
The trophic factors studied all promote survival of motoneurons, but they operate by different mechanisms. For example, motoneurons respond to GDNF via Ret and glomerular filtration rate glial cell line-derived neutrophic factor-binding 1 receptors (57, 58) . Insulin growth factor 1 binds to IGF-1 receptors (46), whereas HGF operates through the c-MET receptor (59) . Thus, factors may have additive effects when several of them are used together. If a group of factors stimulate a common pathway, their effects may be synergistic. The number of axons that grew from transplants containing GDNF, HGF, and IGF-1 exceeded the level expected from the linear addition of individual factor results (Fig. 6A) . A higher-than-expected myelinated axon count may reflect axon branching, an effect described for both GDNF and LIF (60) . High axon numbers due to sprouting are consistent with the match between the CHAT-positive neuron count and the expected axon count for the GDNF, HGF, and IGF-1 groups (Fig. 6A) . More than the expected number of axons may also arise from counting axons from motoneurons and other types of neurons. Interneurons seem less vulnerable to insults than motoneurons (61); therefore, interneurons may be prevalent 10 weeks after transplantation. Moreover, there was a greater relative increase in SMI-31Ypositive compared with CHAT-responsive neurons (Fig. 3D) . Precursor cells within the E14 rat cord that are not yet restricted to a certain neuronal fate may not necessarily mature into motoneurons in the tibial nerve (25) .
The areas of the reinnervated fibers and the magnitude of muscle reinnervation obtained for each factor combination were as expected from adding single factor effects linearly. The combination of GDNF, HGF, and IGF-1 was, however, the only group in which muscle areas exceeded the results obtained with a cell transplant without factors and the only group in which measured and expected reinnervation were closely matched. Both of these effects likely contributed to
